Oviduct fluid increases the time required for digestion of the zona pellucida (ZP) by proteolytic enzymes (ZP hardening). This effect has been associated with levels of monospermy after in vitro fertilization (IVF) in the pig and cow, but the possible existence of a directly proportional relationship between hardening and monospermy remains unknown. To investigate whether variations in hardening of different oviductal fluids (OFs) are correlated with variations in levels of monospermy after IVF, porcine oocytes were incubated with three batches of OFs known to produce different ZP hardening effects (3, 7, and 25 min); after IVF, monospermy levels were 0%, 14.58% 6 5.14%, and 35.14% 6 7.95%, respectively. These results could partially explain the lack of polyspermy found during in vivo fertilization in pigs (with a hardened oviductal ZP) compared with levels found during IVF (with no hardened ZP). Using the bovine model, OF was fractionated by heparin affinity chromatography, and the hardening effect on the ZP was tested for each fraction obtained from a linear gradient of sodium chloride concentration. The highest effect was obtained with the fraction eluted with 0.4 M sodium chloride. Fractions with high-level or low-level effects were processed by on-chip electrophoresis and high-performance liquid chromatography-tandem mass spectrometry. A list of potential proteins responsible for this effect includes OVGP1 and members of the HSP and PDI families. enzymatic hardening, in vitro fertilization, oviductal fluid, polyspermy, zona pellucida
INTRODUCTION
The oviduct and its secretion, oviductal fluid (OF), have a major role in the maturation of gametes, fertilization, and embryo development [1, 2] . Oviductal fluid is a complex mixture of identified and unidentified components produced by oviductal epithelial cells and plasma transudate [3] , and there are different mechanisms, still not elucidated, in which some of these components are involved. The present study focuses on the oviductal mechanism of zona pellucida (ZP) hardening and on the identification of the active molecules responsible for it.
Porcine OF (pOF) and bovine OF (bOF) produce a prefertilization (enzymatic) ZP hardening and an increase in monospermy levels during IVF. This has been considered a prefertilization mechanism for the control of polyspermy [4] . The hardener effect shown by bOF is different from that shown by pOF: while bOF produces a steady effect throughout the estrous cycle with high values of ZP enzymatic resistance (ZP digestion times [ZPdts] in pronase solutions of several hours or even days), pOF only produces the effect when it is collected around the time of ovulation during the estrous cycle, and the values of ZPdt rarely reach several hours [4] .
From these observations, an initial hypothesis to be addressed in the present study was proposed: fertilization in the oviduct, shortly after ovulation, produces normal (monospermic) egg penetration, while delayed insemination produces polyspermy in pigs [5] . We therefore hypothesized that variations in the hardening effect of pOF, which depends on the phase of the estrous cycle when the OF is collected, should be proportionally related to the incidence of polyspermy. To test this hypothesis, it was necessary to collect different batches of pOF with different hardener effects on the ZP and to assess the IVF results (usually highly polyspermic [6] ) after incubation of the oocytes in such fluids. If this hypothesis was to be supported, higher monospermy levels would be expected with higher hardener effect of a fluid.
Once this first hypothesis was confirmed in the present study, a second hypothesis was proposed in an attempt to identify the factors responsible for this effect. Theoretically, these factors should be found only in OF with a demonstrated hardener effect (pOF collected around the time of ovulation or bOF collected at any time). Previous investigations have shown that at least two components of OF, oviduct-specific glycoprotein (OVGP1) and heparin-like glycosaminoglycans (GAGs), are involved in the prefertilization ZP hardening in the cow and pig [4] . However, preliminary data in our laboratory using recombinant OVGP1 from different species and heparin have not reproduced the hardener effect obtained by incubation of the oocytes in OF (data not shown). Moreover, the effect is reversible, and during the transition from oocyte to zygote or 2-cell to 4-cell embryo stage, the ZP becomes increasingly softer [7] . It is inferred from this that there must be some additional factors in the OF involved not only in the establishment but also in the regulation of this mechanism. From these previous data, our second hypothesis to test in the present study proposed that evaluating the heparin-binding affinity of proteins in OF would be a suitable method to purify, and later identify, the component(s) responsible for the hardener effect. Because OF samples producing the highest level of ZP hardening could be more easily collected from cows than from pigs, bOF should be the ideal source of proteins to test this second hypothesis.
MATERIALS AND METHODS

Ethics
All experimental procedures involving animals were conducted in accordance with guidelines. These include the specific standards of the Society for the Study of Reproduction.
Materials
Unless otherwise indicated, all chemicals and reagents were purchased from Sigma-Aldrich Quimica SA. For capillary electrophoresis, protein chips and reagents were obtained from Agilent Technologies.
Oocyte Collection and In Vitro Maturation of Pig Oocytes
Pig oocytes were obtained from ovaries from pubertal animals slaughtered at the abattoir. The medium used for pig oocyte maturation was North Carolina State University Medium-37, prepared in our laboratory as described previously [8] . Within 30 min of slaughter, ovaries were transported to the laboratory in saline containing 100 lg/ml of kanamycin sulfate at 388C, washed once in 0.04% cetrimide solution, and twice in saline. Pig cumulus-oocyte complexes (COCs) were collected from antral follicles (3-6 mm in diameter), washed twice with Dulbecco PBS (DPBS) supplemented with 1 mg/ml of polyvinyl alcohol (PVA) and 0.005 mg/ml of red phenol, and washed twice more in maturation medium previously equilibrated for a minimum of 3 h at 38.58C under 5% carbon dioxide in air. Only COCs with a complete and dense cumulus oophorus were used for the experiments. Groups of 50 COCs were cultured in 500 ll of maturation medium for 22 h at 38.58C under 5% carbon dioxide in air. After culture, oocytes were washed twice in fresh maturation medium without dibutyryl cAMP, equine chorionic gonadotropin, and human chorionic gonadotropin and cultured for an additional 20-22 h.
The basic medium used for pig in vitro fertilization (IVF) was Tyrode albumin lactate pyruvate (TALP) medium consisting of 114.06 mM sodium chloride, 3.2 mM potassium chloride, 8 mM calcium lactate hydrate, 0.5 mM magnesium chloride hexahydrate, 0.35 mM monosodium phosphate, 25.07 mM sodium bicarbonate, 10 ml/L of sodium lactate, 1.1 mM sodium pyruvate, 5 mM glucose, 2 mM caffeine, 3 mg/ml of bovine serum albumin, 1 mg/ml of PVA, and 0.17 mM kanamycin sulfate.
IVF of Pig Oocytes
Cumulus-oocyte complexes cultured for a total of 44 h in maturation medium were washed three times with TALP medium. Groups of 45-50 oocytes were transferred into each well of a four-well multidish containing 250 ml of IVF medium previously equilibrated at 38.58C under 5% carbon dioxide.
A sperm-rich fraction of semen from a mature, fertility-tested boar was collected by the gloved hand method and immediately transported to the laboratory diluted 1:8 in Beltsville thawing solution [9] . Aliquots of the semen samples (0.5 ml) were centrifuged (700 3 g for 30 min) through a discontinuous Percoll (Pharmacia) gradient (45% and 90% v/v), and the resultant sperm pellets were diluted in TALP medium and centrifuged again for 10 min at 100 3 g. Finally, the pellet was diluted in TALP and added to the wells containing the oocytes, giving a final concentration of 2 3 10 5 cells/ml. At 18-20 h after insemination, putative zygotes were fixed and stained for evidence of sperm penetration and pronuclear formation.
Fixation and Staining of Putative Zygotes
Putative zygotes were fixed for 15 min (0.5% glutaraldehyde in DPBS), stained for 30 min (1% Hoechst 33342 in DPBS), washed in DPBS containing 1 mg/ml of polyvinylpyrrolidone, and mounted on glass slides. Oocytes were examined under an epifluorescence microscope at 2003 and 4003 magnification. Penetration, number of spermatozoa penetrating each oocyte, number of pronuclei and sperm decondensed heads inside each oocyte, and number of spermatozoa attached to the ZP were assessed.
Collection of OF
Bovine and porcine oviducts from animals at the follicular phase of the estrous cycle were obtained at the slaughterhouses and transported in saline to the laboratory at 48C. The criteria for the classification of the oviducts were those previously described [10, 11] . In this study, we used only bovine oviducts attached to ovaries showing at least one large dominant follicle (.12 mm in diameter) or a follicle close to ovulation (approximately 15 mm in diameter) with a regressed corpus luteum, no surface vasculature, and the absence of red/ brown coloration. With regard to porcine samples, oviducts came from the following: 1) ovaries with small growing follicles (2-4 mm in diameter), corpora lutea, and corpora albicantia from previous cycles; 2) ovaries with medium growing follicles (5-7 mm in diameter) and corpora lutea under regression; and 3) ovaries showing periovulatory follicles (8-11 mm in diameter) or close to ovulation (.11 mm in diameter). Oviducts were dissected on ice and washed twice in saline solution. The fluid was collected by aspiration with an automatic pipette using a tip for a maximum 200-ll volume, and protease inhibitor (complete Mini, EDTA-free, Ref. 11 836 170 001; Roche) was added (1 ll of 103 solution per 10 ll of OF). The samples were centrifuged at 7000 3 g for 10 min at 48C to remove cellular debris, and the supernatant was stored at À808C after passing through a filter 0.2 lm in diameter (Millipore Corporation). The fluid from a total of 30 porcine oviducts (10 from each group resulting after classification of the ovaries) was collected and pooled in three batches to test their ability to produce ZP hardening (see below). For purification of the fluid by heparin affinity chromatography, a total of 240 bovine oviducts was necessary to reach a final volume of 8 ml of fluid (2 ml for each of the four experimental replicates).
Assessment of ZPdt in pOF and bOF Fractions
In vitro matured porcine oocytes were incubated in undiluted OF (one oocyte per microliter of fluid) and covered with mineral oil for 30 min at 38.58C under 5% carbon dioxide in air. A control group of oocytes incubated in DPBS under the same conditions was used in all the experiments. After incubation in the OF, the oocytes were washed quickly in DPBS and transferred into drops of 50 ll of 0.5% (wt/vol) pronase solution in DPBS. The ZPs were continuously observed for dissolution under an inverted microscope equipped with a warm plate at 378C. The dissolution time of the ZP of each oocyte was registered as the time between the placement of the oocytes in the pronase solution and the time when the zona was no longer visible at 2003 magnification. This time was referred to as ZPdt. Fluids from the three batches of porcine oviducts (with ovaries showing small, medium, and large follicles) were assessed with at least 40 oocytes per batch. Fractions of bOF collected by liquid chromatography (see below) were also tested for ZP hardening and classified according to their effect. Eight fractions were selected for the remaining experiments: fractions A, B, C, and D showed the highest hardening effect in each replicate of the heparin affinity purification experiment, whereas no hardening effect was observed with fractions E, F, G, and H.
Obtaining Protein Fractions from bOF with Different Heparin Affinities
Fractions of proteins from 2 ml of bOF pooled samples (four experimental replicates) were obtained using a heparin-agarose affinity column (HiTrap Heparin HP; GE Healthcare) by liquid chromatography with an Ä KTA Purifier (GE Healthcare) in a gradient from 0.0 to 2 M sodium chloride. Each pooled sample of bOF was initially centrifuged at 6000 3 g for 9 min at 48C to remove any cellular debris capable of producing an alteration in the integrity of the column, and the supernatant was diluted in 5 ml of equilibration buffer (100 mM Tris-HCl, 10 mM citric acid, pH 7.4). The eluted fractions were filtered, desalted, and concentrated by ultrafiltration using a 10-kDa cutoff membrane (Amicon Ultra-4, PLGC Ultracel-Membrane PL; Millipore Corporation). Subsequently, the samples were lyophilized (ALPHA 1-2 brand LDplus; Martin Christ), resuspended in 20 ll of bidistilled water, and measured for total protein concentration by a colorimetric kit (Protein Assay 23225; Pierce) according to the manufacturer's instructions. Sample concentration was calculated using GraphPad PRISM 4 program (GraphPad Software).
On-Chip Electrophoresis
Four fractions of bOF obtained from the liquid chromatography process were selected according to their effect on ZP hardening. Fractions A and B (eluted at 0.37 M and 0.4 M sodium chloride, respectively) produced the highest hardener effect in the corresponding experiment, whereas fractions E and F (eluted at 0.13 M and 0.17 M, respectively) did not produce hardening. Samples were processed according to the manufacturer's instructions (2100 MONDÉ JAR ET AL.
Bioanalyzer; Agilent Technologies) using the Protein 230 kit for on-chip electrophoresis.
High-Performance Liquid Chromatography-Tandem Mass Spectrometry Analysis
Samples of bOF fractions C and D (highest hardening effect, both eluted at 0.4 M sodium chloride) and G and H (no hardening effect, eluted at 0.17 M and 0.15 M sodium chloride, respectively) were diluted up to a final volume of 100 ll of 25 mM ammonium bicarbonate buffer (pH 8.5) and 0.05% ProteaseMax Surfactant (Promega). This surfactant enhances the activity of trypsin and is completely degraded during the process, so it does not interfere with the downstream high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis.
Samples were incubated with 20 mM dithiothreitol at 568C for 20 min. Next, samples were alkylated by adding 55 mM iodoacetamide and then left to stand for 30 min at room temperature in the dark. Finally, 1 lg of Trypsin Gold Proteomics Grade (Promega) was added to each sample for a digestion time of 3 h at 378C. After this incubation, the reaction was stopped with 0.5% trifluoroacetic acid, and the samples were dried using a vacuum evaporator (Vacuum Concentrator 5301; Eppendorf).
The tryptic digestions were separated and analyzed by HPLC-MS/MS in a system consisting of an 1100 Series HPLC (Agilent Technologies) equipped with a thermostated microwell plate autosampler and a capillary pump and were connected to an Ion Trap XCT Plus Mass Spectrometer (Agilent Technologies) using an electrospray interface (ESI). Dried samples were resuspended in 10 ll of buffer A consisting of water/acetonitrile/formic acid (94.9:5:0.1). Samples were injected into a Zorbax SB-C18 HPLC column (5 lm, 150 3 0.5 mm; Agilent Technologies) and thermostated at 408C at a flow rate of 10 ll/min. After injection, the column was washed with buffer A for 30 min, and the digested peptides were eluted using a linear gradient of 0%-80% buffer B (water/acetonitrile/formic acid, 10:89.9:0.1) for 120 min. Finally, the column was equilibrated with the starting composition of the mobile phase for 30 min before a new injection.
The mass spectrometer was operated in the positive mode with a capillary spray voltage of 3500 V and a scan speed of 8100 m/z (mass to charge ratio) per second from 300 to 2200 m/z. The nebulizer gas (helium) pressure was set at 15 psi, whereas the drying gas was set at a flow rate of 5 L/min at a temperature of 3508C. The MS/MS data were collected in an automated datadependent mode. The most intense ions were sequentially fragmented using collision-induced dissociation with an isolation width of 2 Da and a relative collision energy of 35%. Data processing was performed with the Data Analysis Program for LC/MSD Trap Version 3.3 (Bruker Daltonik, GmbH) and Spectrum Mill MS Proteomics Workbench (Rev. A.03.02.060B; Agilent Technologies).
Briefly, raw data were extracted under default conditions as follows: unmodified or carbamidomethylated cysteines, sequence tag length of greater than 1, [mass to charge ratio of single protonated ions] þ 50-7000 m/z, maximum charge of þ7, minimum signal:noise ratio of 25, and finding carbon 12 signals. The MS/MS search against bovine sequences in the updated National Center for Biotechnology Information (NCBI) nonredundant database was performed with the following criteria: identity search mode; tryptic digestion with 5 maximum missed cleavages; carbamidomethylated cysteines; peptide charge of þ1, þ2, and þ3; monoisotopic masses; peptide precursor mass tolerance of 2.5 Da; product ion mass tolerance of 0.7 atomic mass units; ESI Ion Trap instrument; oxidized methionine, N-terminal glutamine conversion to pyroglutamic acid and Ser/Thr/Tyr phosphorylation as variable modifications; and minimum matched peak intensity of 50%.
Peptides were considered validated with a score threshold of 8 and a minimum percentage-scored peak intensity of 70%. Proteins were identified for these validated peptides by consulting the NCBI database for the bovine species.
Statistical Analysis
Data from IVF variables and ZPdt are presented as means 6 SEMs. Variables in all the experiments were analyzed by one-way ANOVA for ZPdt. When the ANOVA revealed a significant effect, values were compared by the Tukey post hoc test. P , 0.05 denoted statistical significance.
RESULTS
The Ability of OF to Induce ZP Hardening Is Proportional to Its Ability to Induce Monospermy after IVF
The mean values of ZPdt registered for each batch of pOF after rounding down were 3 min (3.26 6 0.12), 7 min (7.
with the oocytes incubated in each of the pOFs did not differ between the control and experimental groups. The control group (1.30 6 0.06 min of ZPdt) and the groups of oocytes incubated in pOF producing 3 min and 7 min of ZPdt reached 100% penetration, whereas the group of oocytes from pOF producing 25 min of ZPdt resulted in 94.87% 6 3.56% of penetration. Despite these high levels of penetration, indicating that the IVF system was saturated with spermatozoa, the treatment with pOF produced different levels of monospermy depending on the values of ZPdt (Fig. 1) .
As shown in Figure 1 , levels of monospermy reached 35.14% 6 7.95% when the ZP of the oocytes showed 25 min of resistance to digestion, significantly different from the 0% obtained in the absence of (control and 3-min group) or with lower levels of ZP hardening (14.58% 6 5.14% for the 7-min group). These data suggest that the first proposed hypothesis was correct: higher monospermy levels would be expected with higher hardener effect of a fluid.
This was confirmed by the results of the remaining IVF variables ( Table 1 ). The number of penetrated spermatozoa per oocyte (either those forming male pronucleus or those remaining as decondensed sperm heads) and the number of spermatozoa bound to the ZP decreased in the same way that ZPdt increased.
A Heparin Affinity Column Can Separate bOF in Fractions with Differing Ability to Induce ZP Hardening
As shown in Figure 2 , most of the bOF components did not bind to heparin. The fractions of proteins that bound to heparin eluted at increasing concentrations of sodium chloride, primarily in the range of 0.05-0.7 M sodium chloride. The different fractions showed progressively higher affinity for heparin as the sodium chloride was increasing, reaching a peak with a concentration of 0.4 M sodium chloride (Fig. 2) .
When the effect of each fraction on ZP hardening of porcine oocytes was tested, a progressive increase in ZPdt was also observed (Fig. 3) until the elution reached the fraction obtained with a concentration of 0.4 M sodium chloride. From this fraction onward, the effect on ZP hardening was decreasing steadily.
There was no significant difference between the ZPdt of oocytes incubated in the sample of bOF before fractionation (.6 h) and that corresponding to the oocytes incubated in the fraction eluted with 0.4 M sodium chloride (Fig. 3) . Therefore, it was concluded that this fraction, producing the highest ZPdt (fraction 25 in Fig. 3 ) should be enriched in oviductal proteins responsible for ZP hardening and monospermy.
Proteins Identified in OF Fractions Producing ZP Hardening Differ from Those Identified in the Fractions Lacking Hardener Effect
The bOF fractions selected for the on-chip electrophoresis assay (fractions A, B, E, and F) showed different patterns of proteins according to the electropherograms and gel-like images (Fig. 4) . It was remarkable that the patterns were very similar between the two samples with hardener effect (fractions A and B). These data confirmed the possibility that the heparin affinity purification of bOF could have been able to select the hardener factors in the fractions producing hardening.
The HPLC-MS/MS analysis of the remaining selected fractions (fractions C, D, G, and H) provided a list of nine candidate proteins that were coincident in fractions C and D OVIDUCTAL FACTORS RESPONSIBLE FOR ZP HARDENING (those producing hardening and eluted with 0.4 M sodium chloride). The list of proteins is given in Table 2 , and detailed information about each protein and the peptides identified is presented in Supplemental Figures S1 and S2 (samples C and D, respectively; available online at www.biolreprod.org).
To integrate our results into a more general model, the functional associations between proteins present in fractions C and D were investigated using the Ingenuity Pathway Analysis Network. The Physiological System Development and Functions represented were connective tissue development and function (two molecules), embryonic development (five molecules), organismal development (five molecules), skeletal and muscular system development and function (one molecule), and tissue development (six molecules). The results are represented as a network (Fig. 5 ) in which each connection between nodes is supported by data available in the literature. The network integrated 16 proteins with a significant score of 36 (threshold of 12), and it suggests a central function of the heat shock protein (HSP) family, together with OVGP1 and protein disulfide-isomerase A4 (PDIA4) mediating the effects associated with ZP hardening in the oviduct.
DISCUSSION
Polyspermy in pig oocytes after IVF has been a longstanding problem [12] , but it has not been fully solved until now, despite many investigations [6] . It seems clear that the microenvironment where the sperm and oocyte meet has a key role in the incidence of polyspermy because continuous attempts at changing the external fertilization conditions (i.e., by reducing the sperm concentration or the time of interaction between gametes [13] ) have provided improvements of statistical significance but without the biological efficiency reached under in vivo conditions. The complexity of OF makes it difficult to design culture media that provide the perfect microenvironment where the high number of molecular interactions predicted during fertilization can occur. However, the identification of OVGP1 and heparin-like GAGs as key molecules participating in the mechanism of ZP hardening [4] has opened up the possibility that the inclusion of these molecules in the porcine IVF culture media might improve the efficiency of the system. Before this step, it would be necessary to further investigate the existence of other potential components participating in this mechanism.
The finding that pOF induces ZP hardening only when it is collected around the temporal window of ovulation [4] provides a first clue to narrow the spectrum of biological samples where the potential molecules might be found. However, although it was demonstrated that porcine oocytes incubated in pOF and producing ZP hardening reached higher monospermy levels after IVF than those not treated, a direct relationship between hardening and monospermy levels was not proven. In the present study, this relationship seemed to exist because the increase in monospermy levels of the experimental groups was proportional to the ability of the corresponding pOF to induce ZP hardening. The biological interpretation of this finding could be found in what is already known about the oviductal physiology: under natural conditions, spermatozoa arrive at the isthmus before ovulation and are retained in this reservoir, attached to the epithelial cells [14, 15] . Estradiol levels are high at this time [16] , but when ovulation occurs, the estrogen/progesterone pattern changes, and the environment becomes mainly regulated by progesterone levels. The spermatozoa are then released from the epithelium and move toward the ampulla, where the oocytes have just arrived. Fertilization occurs now and to a large extent is normal (monospermic). However, under circumstances where the arrival of spermatozoa into the oviduct is delayed (i.e., when high levels of progesterone are already physiologically established or when exogenous progesterone is microinjected in the oviduct), fertilization is polyspermic in a high percentage, as was shown years ago in some publications [5, 17] . Bearing in mind that OVGP1 secretion is dependent upon the estradiol levels [18, 19] and that at the precise time of ovulation the estradiol levels are still high, it can be directly inferred that OVGP1, and consequently the level of ZP hardening in the oviductal oocytes, should also be maximum at this time, facilitating the monospermic penetration. That could be a part of the explanation for the high efficiency of the process of fertilization in vivo, when sperm and oocytes meet MONDÉ JAR ET AL.
at the precise time soon after ovulation. Also supporting this hypothesis are the data from the present study showing that the hardening effect of an OF increases as the follicular phase of the cycle progresses, as well as the observation that pOF collected at the luteal phase of the estrous cycle (high progesterone levels) does not induce ZP hardening [4] , being then a reason for higher polyspermy levels.
Once it had been established that the hardener effect of a fluid on the ZP is directly related to monospermy levels after IVF, it seemed reasonable to collect a large amount of OF with a high demonstrated effect on ZP hardening for purification and identification of the oviductal components involved in this mechanism. The advantage in this case for the use of bOF lies in the particularity that in this species the hardener effect on the ZP reaches values of several hours or days and remains steady through the cycle [4] . Obtaining a large volume of OF from genital tracts of slaughtered animals was simpler than in the case of porcine species, where only the fluid around the time of ovulation showed a effect of about half an hour of ZPdt.
The heparin affinity purification of bOF allowed for the removal of a high number of components that did not bind to heparin. Among those binding to heparin, the sodium chloride concentration necessary for the elution also marked differences in the ability of each fraction to induce hardening. In all four replicates, the fraction that eluted at 0.4 M sodium chloride showed the highest effect on ZP hardening and seemed the more appropriate to identify the factors involved in this mechanism. Because the on-chip electrophoresis revealed a different protein pattern between the fractions with and without hardener effect, it was inferred that the samples eluted at 0.4 M OVIDUCTAL FACTORS RESPONSIBLE FOR ZP HARDENING sodium chloride contained the factors sought. The proteomic analysis confirmed this result because nine common proteins were identified in the two fractions showing hardener effect, OVGP1 being one of them. The fractions without effect lacked OVGP1, which strongly suggests again the role of this protein in ZP hardening, as earlier reported [4] . The affinity of OVGP1 for heparin was previously referenced in porcine species [20] , and this binding was explained as being due to the presence of a consensus-binding site for heparin in the OVGP1 sequence [18] . However, the results showed some other potential proteins participating in the mechanism such as several HSP families, together with PDIA4, elongation factor 2 (EEF2), phosphoglycerate kinase 1 (PGK1), threonine-tRNA ligase (TARS; previously known as threonyl-tRNA synthetase), and ezrin (EZR; previously known as cytovillin). Among them, only those corresponding to secreted proteins should be taken into consideration as candidates to participate in ZP hardening, assuming that those forming parts of the cytoskeleton or other cell constituents were present in the fluid as a result of cell lysis or as components of degradation inherent to any biological tissue during the sample collection and manipulation.
Heat shock proteins comprise different families of proteins that have remained highly conserved during evolution and that act as molecular chaperones and have different roles in reproduction [21] . They are involved in mediating the folding and transport of other intracellular proteins and participate in the assembly of proteins without being part of the final protein structure [22] . The ability of some HSPs to bind heparin is an unusual property, although it has been reported previously [23, 24] . However, the interaction of HSP with other proteins, including OVGP1, could not be ruled out, and future studies are necessary to explore this possibility.
The presence of these proteins in the OF could be unexpected because they have not been classically described as secreted proteins, although they are related to protein secretion [25] , and some members of the family have been localized in the exosomal membrane [26] . In addition, previous studies support this finding. A role for a soluble fraction of HSPA8, identified in the surface plasma membrane of the oviductal epithelial cells, on maintenance of sperm survival has been proposed [27] [28] [29] . The presence of HSP 90-alpha (HSP90AA1) in pOF was also shown [30] . Endoplasmin (HSP90B1 or GRP94; previously known as HSP 90 kDa beta, member 1) and 78-kDa glucose-regulated protein (HSPA5 or GRP78; previously known as heat shock 70 kDa protein 5), both detected in our study, were also included in the list of MONDÉ JAR ET AL.
proteins in the oviductal epithelial cells altered more than 2-fold during reproductive cycles in pigs [31] . Particularly, GRP78 has been demonstrated to be secreted by human oviduct epithelial cells, and the recombinant protein has been associated with modulation of sperm-ZP binding [32] [33] [34] . The authors proposed that GRP78 would bind to the gametes and may modulate their interaction in a calcium-dependent manner. This role could be compatible with the binding of this protein to ZPs and the modification of ZP chemical properties such as resistance to enzymatic digestion, leading to a reduction of sperm-ZP binding. Another protein detected in the OF fractions with hardener effect was PDIA4 (ERp-72) belonging to the protein disulfide isomerases (PDIs) family. The PDIs are thiol-disulfide oxidoreductases that catalyze the exchange of a disulfide bond with or within substrates [35] . Because they also act as chaperones, they participate in the correct folding of the proteins in the endoplasmic reticulum (ER). Despite the evidence showing that ERP-70 and ERP-72 gene expression in bovine oviductal epithelial cells is up-regulated [25] , it is unclear how PDIs, which are ER-located proteins, could escape the ER and localize in the OF. Proteins belonging to this family have been described on the sperm surface [36] [37] [38] and are present in the lumen and epithelium of the mouse epididymis [37] . Moreover, as indicated by Turano et al. [39] , ''at least three proteins of this family from higher vertebrates have been found in unusual locations (i.e., the cell surface, the extracellular space, the cytosol, and the nucleus), reached through an export mechanism which has not yet been understood.'' One of these three proteins was ERp-72, which forms a complex with different proteins, including HSP40 and GRP94 [40] , as detected by the Ingenuity Pathway Analysis Network and shown in Figure 5 . Altogether, the ability of ERp-72 (or PDIA4) to catalyze disulfide bond formation, as well as its association with HSPs, specifically with HSP90B1 as detected by the Ingenuity Pathway Analysis Network, leads us to propose the possible role of this complex in the ZP hardening mechanism, including OVGP1. One of the proposed reasons for ZP hardening after fertilization is related to disulfide bond formation in ZP glycoproteins [41] . Although ZP hardening in the present study is independent of fertilization because it is mediated by OF, the molecular mechanisms could be similar. Further studies are necessary to demonstrate the participation of OVGP1, HSPs, and PDIs in the prefertilization ZP hardening.
In the oviductal hardening of ZPs, we cannot rule out roles by EEF2, ezrin (directly related to Hsp90 as detected by the Ingenuity Pathway Analysis Network), and PGK1 and TARS (both with a directly relationship also referenced in Figure 5 or with tubulin alpha-1D chain (TUBA1D). However, it would be speculative to propose their direct implication in this effect based on the existing data in the literature. However, additional OVIDUCTAL FACTORS RESPONSIBLE FOR ZP HARDENING studies are being carried out at present in our laboratory to evaluate the independent effect of all the identified proteins on the resistance of the ZP to proteolytic digestion.
In conclusion, our results show that the mechanism of prefertilization ZP hardening in OF is directly related to monospermy levels, confirming that it is mediated by OVGP1. These findings suggest that other proteins from the HSP and PDI families can regulate or participate in such a mechanism.
